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Abstract
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The genetic basis for the adaptive advantages of polyploids over their diploid relatives remains
poorly understood. To address this knowledge gap, we generate a haplotype-resolved
autotetraploid alfalfa (Medicago sativa subsp. sativa) genome and construct a super-pangenome
from 13 genomes across seven Medicago taxa. We discover substantial gene content variation in
alfalfa, with only 20.1% of genes present on all four haplotypes. Within this group, 53.3% are core
genes conserved across the Medicago genus, which we term ‘tetra-copy core genes’. We find these
genes are significantly enriched in climate-adaptation-associated genes (1.60-fold) and stress-
responsive differentially expressed genes (1.61-fold). Paradoxically, they also carry a high genetic
burden, with 80.1% of deleterious variants located in coding regions. Indeed, overexpressing a
representative tetra-copy core gene, the glycine decarboxylase (MsGDC), improves both biomass
and nitrogen use efficiency, despite its high genetic burden. Our study reveals the trade-off
between adaptation and evolutionary constraints mediated by tetra-copy core genes, facilitating
polyploid genetics and alfalfa breeding.

Introduction



Polyploidy, or whole genome duplication (WGD), has been considered an important evolutionary
driving force in plant evolution, impacting from the past to the present and influencing levels from
the molecular scale to the ecological level'2. Polyploidy is estimated to have occurred in 30% to
70% of angiosperms, either as currently existing polyploids or as ancient polyploidies (paleo-
polyploidies)®®. This process encompasses gene duplication, gene loss, genetic exchange among
sub-genomes, and involves molecular and physiological regulation, as well as gene expression and
epigenetic regulation*®’. WGD provides genetic resources for evolutionary innovation and
adaptation, enhancing fitness and phenotypic diversity. Compared to their diploid progenitors,
polyploids tend to have larger organism size, enhanced competitive advantages, and higher fitness
levels. Consequently, they often exhibit greater adaptability to environmental changes and occupy

broader ecological niches4810,

Polyploids exhibit four main potential adaptive strategies. (1) In the short term, polyploids can
mask deleterious mutations because recessive harmful variants are effectively hidden in a
polyploid population, reducing genetic burden. This provides newly formed polyploids with
immediate advantages, allowing them to establish niches. However, these advantages may
diminish over time due to the accumulation of mutations®°. (2) Adaptive processes may become
more efficient after WGD due to an increase in effective population size and a higher rate of
beneficial mutations, leading to enhanced selective efficiency and fitness*>'%12 (3) Duplicated
genes offer genetic material for the evolution of new functions (neofunctionalization) or more
specific functions (sub-functionalization). This process can lead to significant biological
innovations, facilitating adaptation to new niches'**6. (4) Changes in gene expression and
epigenetic patterns can alter physiology, metabolism, and morphology, thereby enhancing
adaptive abilities*"%1°, While polyploidy is associated with an increase in adaptability, it is also
regarded as an evolutionary 'dead-end'. Several theories attempt to explain this fate, including the
accumulation of deleterious variants*>!’, lower diversification rates and higher extinction rates
compared to closely related diploids®*®, highly dynamic genomes®!22° and abnormal meiosis with
multivalent pairing among three or more homologous chromosomes®*3, Yet, the evidence for these
hypotheses is largely derived from paleo-polyploids, forcing inferences to be drawn from the
complex genomic signatures of ancient events. Furthermore, current research on polyploids

predominantly prioritizes allopolyploids, which involve both WGD and hybridization effects. This



combination obscures the individual contributions of polyploidy and hybridization, complicating
our understanding of how polyploidy alone affects adaptability. Therefore, studying
autopolyploids, which result from WGD within a single species, eliminates the confounding
effects of hybridization, making them more suitable for investigating how evolutionary
adaptability is influenced by WGD**3,

The construction of pangenome provides a powerful framework to analyze patterns of gene
retention and loss, shedding light on preferences for gene conservation that relate to adaptability.
For instance, core gene families were involved in fundamental biological functions in both cicer
and arabidopsis?™??. Private genes play a crucial role in adaptation to local environment and
climate conditions in populus?®. Dispensable and private genes were enriched for abiotic and
biotic-related genes in soybean®*. Moreover, previous studies have demonstrated that gene
retention following WGD is a nonrandom process*®. The unique patterns of duplicated gene
retention are correlated with fitness and adaptability*®?5. The duplication of genes can create
redundancy, which serves as a foundation for genetic and phenotypic innovation and can be
utilized for adapting to environmental changes®?. However, the identification of duplicated genes
in polyploids has largely relied on gene family tree>?® or synonymous substitution rates (Ks
values)?”?8, which are influenced by divergence time and nucleotide substitution rates. With
advancements in sequencing and assembly strategies, the identification of allelic copy number
variation, which results from gene duplication and retention following WGD, in autopolyploids
can now be achieved with greater accuracy using phased haplotype-resolved genomes?®3L,
Therefore, a comprehensive approach that integrates super-pangenome analyses with phased
autopolyploid genomes, uncovering gene retention over long evolutionary periods and allelic
imbalance, provides a powerful framework for an in-depth understanding of adaptive mechanisms

in polyploids®>3,

The genus Medicago, a member of the legume family, is highly diverse. It contains 87 species with
various ploidy levels (diploid, tetraploid, and hexaploid) that are adapted to a wide range of
geographic distributions and climates. This genus is famous for its high protein production,
nitrogen-fixing ability, and positive impact on soil ecology. Its members include diploid model

plant M. truncatula and the autotetraploid high-quality forage alfalfa (M. sativa subsp. sativa,



hereafter subsp. sativa). Compared to the diploid ancestor (M. sativa subsp. caerulea, hereafter
subsp. caerulea or diploid alfalfa), the cultivated autotetraploid alfalfa presents higher vyield,
greater stress tolerance, improved climate adaptability, and a wider distribution range*.
Understanding the genomic basis of these adaptive advantages has recently become feasible with
the release of several Medicago genomes, including M. truncatula®-’, M. polymorpha®, M.
ruthenica®®4°, subsp. caerulea** and alfalfa*>*4. However, the absence of a high-quality phased
tetraploid alfalfa genome makes it challenging to identify allelic copy number variation following
WGD, thereby hindering our understanding of autopolyploid adaptability.

In this study, we generate a high-quality, haplotype-resolved autotetraploid alfalfa genome
alongside a comprehensive super-pangenome for the Medicago genus using 13 genomes from
seven taxa (six species, including two subspecies of M. sativa). Our analysis of gene retention
reveals a distinct set of genes that we term 'tetra-copy core genes', which are defined as genes
retained on all four allelic copies in alfalfa that are also core members of the Medicago genus. We
demonstrate that these tetra-copy core genes are significantly enriched in climate-adaptation-
associated genes and stress-related differentially expressed genes. Moreover, tetra-copy core genes
exhibit higher overall expression than other genes, with one allelic copy showing significantly
higher expression than the other three. Paradoxically, these functionally important genes also carry
a disproportionately high genetic burden from deleterious mutations. We functionally validate this
trade-off by showing that overexpression of a representative tetra-copy core gene, MsGDC,
improves both biomass and nitrogen use efficiency, despite its high genetic load. Our study
resolves a central paradox of polyploid adaptation by demonstrating how ‘tetra-copy core genes'
mediate a crucial balance between adaptative advantages and deleterious mutation accumulation.
These findings provide a framework for understanding autopolyploid evolution and accelerating

the genetic improvement of alfalfa.

Results

Genome assemblies and annotations of Medicago genomes

We sequenced two M. sativa subspecies (autotetraploid subsp. sativa and diploid subsp. caerulea)
employing a combination of long reads sequencing platforms (PacBio and Nanopore sequencing)
and high-throughput chromosome conformation capture sequencing (Hi-C) approaches. For



autotetraploid alfalfa, we selected the high-yielding and salt-tolerant Chinese alfalfa cultivar
Zhongmu-4 as the representative material. The Zhongmu-4 genome was sequenced, generating
109.84 Gb (~137x%, compared to the ~800 Mb haploid genome of alfalfa) of high-fidelity (HiFi)
long reads and 18.25 Gb (~23x) of Oxford Nanopore Technology (ONT) long reads. Combined
with our previously sequenced 285 Gb (~356x) Hi-C data*, we conducted the genome assembly
(Supplementary Fig. 1). We initially generated contigs using HiFi and ONT reads with Hifiasm*,
and phased them into 32 chromosomes using Hi-C data, resulting in an assembly size of 2.54Gb
(ZM4_V1.5, Supplementary Fig. 2). To enhance completeness and contiguity, we then divided the
HiFi reads into 32 groups based on the haplotype information of our previously published
ZM4 V1.0 and the ZM4_V1.5 genomes* (Supplementary Fig. 3). The genome was assembled
into contigs using haplotype-resolved HiFi reads with Hifiasm, and subsequently improved to
scaffold level using Ragtag (see Methods, Supplementary Fig.1).

Finally, we assembled ZM4 V2.0, a high-quality phased genome with a total size of 3.13 Gb
across 32 chromosomes (contig N50 = 5.45 Mb). This assembly size is consistent with previous
estimations for cultivated alfalfa and represents a significant improvement in quality over our
previous version, ZM4_ V1.0 (Supplementary Fig. 4)*. The raw HiFi and ONT data were mapped
to ZM4 V2.0, achieving overall mapping rates of 99.93% and 99.92%, respectively. To establish
a high-confidence set of alignments for assessing haplotype fidelity, we applied a MAPQ > 10
filter, which retained 83.02% of HiFi reads and 88.34% of ONT reads. Critically, over 99% of the
mapped HiFi reads aligned correctly to a single corresponding haplotype (Supplementary Fig. 5).
Haplotype phasing analysis revealed a switch error rate of 1.97% and a Hamming error rate of
7.12%. This provides strong evidence for the high accuracy of our phasing framework,
demonstrating that most haplotypic regions were successfully resolved. The Benchmarking
Universal Single-Copy Orthologs (BUSCO) analysis of the genome assembly, using the
embryophyta_odb10 database (1614 orthologs), indicated a completeness score of 99.5%. Finally,
using Merqury software®®, we assessed the base quality and genome completeness, resulting in
scores of 61.88 and 97.8%, respectively (Supplementary Table 1). Therefore, the genome quality
of ZM4 V2.0 is sufficiently high to serve as a reference genome for alfalfa and to support WGD
analysis in autopolyploid. The sizes of four haplotype (hap) genomes were 791.79 Mb (contig N50
= 6.52 Mb) for hap1, 751.53 Mb (contig N50 = 4.98 Mb) for hap2, 809.40 Mb (contig N50 = 5.36



Mb) for hap3 and 775.96 Mb (contig N50 = 5.45 Mb) for hap4. The four haplotypes showed
significant gene collinearity (Supplementary Fig. 6) and strong genomic synteny with certain
structural variations (SVs) (Supplementary Fig. 7). Additionally, a high collinearity was observed
between the M. truncatula A17 (V5.0) and the ZM4_V2.0 genomes (Supplementary Fig. 8 and 9).

Using a homology-based, short and long-read transcriptomic annotation pipeline, we predicted
202,473 genes, and the number of genes was 51,000, 49,392, 50,958, and 51,123 for hapl, hap2,
hap3, and hap4, respectively. The annotation was highly complete, with a BUSCO score of 99.8%,
and 187,026 genes (92.4%) were functionally annotated according to the EggNOG database®’.
Taken together, ZM4 V2.0 represents a substantial improvement over the published alfalfa

reference genomes*?44,

Besides autotetraploid alfalfa de novo assembly, we also assembled a diploid subsp. caerulea
genome employing 207.00 Gb PacBio CLR long reads, 52.75 Gb Illumina short reads, and 204.28
Gb Hi-C data. The assembled genome was 801.63 Mb (contig N50 = 1.61 Mb), with 96.4%
BUSCO completeness, and the annotated gene number was 50,491. Furthermore, we annotated
47,963 genes for M. lupulina and 46,150 genes for M. arabica using the assembled genome

provided by the Darwin Tree of Life Project (https://www.darwintreeoflife.org/)*¢4°.

Genome evolution and gene conservation revealed by Medicago super-pangenome

Eleven published Medicago genomes were downloaded, and genome annotation was redone.
Firstly, the total count, identity, and orientation of chromosomes were revised based on the model
plant genome of M. truncatula A17 (5.0). Specifically, we revised the chromosome number of M.
polymorpha from 7 to 8 (Supplementary Fig. 10). Secondly, gene annotation was performed using
the same pipeline as that used for ZM4_V2.0. The number of annotated genes and the BUSCO
assessment were improved compared to the raw version (Table 1). Using 13 Medicago genomes
(19 haplotypes), we constructed a graph-based super-pangenome (Alfalfapan-V1.0) reference of
seven Medicago taxa (Figure 1A). The Alfalfapan-V1.0 pangenome was constructed using the
ZM4 V2.0 hapl genome as a reference. It encompasses a size of 7.70 Gb across 8 chromosomes,
with an average chromosome size of 968.82 Mb. The pangenome is 2.46-fold the size of the alfalfa
ZM4 V2.0 genome, 9.72-fold that of the ZM4_V2.0 hapl genome and 17.91-fold that of the M.


https://www.darwintreeoflife.org/

truncatula A17 genome (Figure 1D). We found that genome size in Medicago was highly
correlated with transposable elements (TEs) content, indicating that TEs expansion is a primary
driver of genome size evolution and divergence. Similarly, a comparable pattern of TEs
contribution to genome expansion was observed in Oryza®. The two most abundant types of TEs,
LTR Gypsy and LTR Copia, together contributed to ~50% of the total TEs content, underscoring

their substantial role in the divergence of Medicago genomes (Figure 1E).

To investigate the evolution of gene content across the Medicago genus, we constructed a
pangenome by identifying orthologous gene groups with OrthoFinder®. The gene based synteny
analysis revealed high collinearity among Medicago species (Figure 1A). Furthermore, we
examined a known translocation involving chromosomes 4 and 8 that distinguishes M. truncatula
A17 from alfalfa*#344 Our multi-genome comparison reveals this translocation to be an
accession-specific feature of the M. truncatula A17 genome, rather than a conserved, species-level
difference. This highlights how a pangenome approach moves beyond simple pairwise
comparisons to provide a more accurate and comprehensive view of SVs. Based on 5,106 single-
copy orthologous genes of seven taxa, we constructed a phylogenetic tree of Medicago (Figure
1B). Our primary phylogenetic analysis resolved the overall species relationships among the
studied Medicago taxa. In this tree, M. truncatula was identified as the sister group to the clade
containing alfalfa and subsp. caerulea, while M. ruthenica was resolved as the earliest-diverging
lineage. Interestingly, a more detailed analysis focusing specifically on the alfalfa haplotypes
revealed a polyphyletic pattern (Supplementary Fig. 11). This topology suggests multiple
independent origins of tetraploid alfalfa from genetically divergent diploid subsp. caerulea
ancestors. Divergence time estimation placed the crown age of the studied Medicago clade at ~7.59
million years ago (Mya), with the tetraploid alfalfa lineage originating from its diploid progenitor
~2.13 Mya (Figure 1B).

A total of 69,767 orthologous gene families were identified from Alfalfapan-V1.0. Based on these
gene families, the Alfalfapan-VV1.0 super-pangenome is composed of 13,196 core (present in all
genomes), 8,454 softcore (present in 11 and 12 genomes), 33,767 dispensable (present in two to
ten genomes), and 14,350 private (only present in one genome) gene families (Figure 2A,

Supplementary Table 2). The total number of pan-genes increased as more genomes were added,



while the number of core genes steadily decreased (Figure 2B). Specifically, ZM4 V2.0 contained
the highest number of orthologous gene families, totaling 48,151 (69.0% of pangenome). For the
other genomes, the count of gene families ranged from 26,997 in Mpoly to 42,646 in XJDY (Figure
2C, Supplementary Table 3). It suggested that Alfalfapan-V1.0 contains at least 1.45 times more
gene families (69,767 vs 48,151) than a single alfalfa genome. Interestingly, core gene patterns
tend to cluster at the ends of chromosomes, while TEs are predominantly located in the
pericentromeric regions. This suggests that core genes are more stable and resistant to TEs
interference (Figure 2D).

The SVs were called for each genome using the ZM4 V2.0 hapl as a reference. The results
indicated that the M. sativa-falcata complex (including subsp. sativa and subsp. caerulea)
exhibited a significantly higher number of SVs compared to other Medicago species (Figure 2E).
This observation is consistent with the significantly lower number of mapped reads observed for
the more distantly related species (Supplementary Fig. 12). Consequently, the true number of SVs
in these related species was likely underestimated, highlighting the challenges of reliable SV
calling at the genus level. Large SVs between species and haplotypes were often found in
corresponding chromosomal regions. (Supplementary Fig. 13 and 14). Additionally, we generated
population-level SVs using the PGGB and vg pipelines®>®3. A total of 494,797 SVs were identified
among the 13 genomes, with 208,045 SVs found exclusively in the M. sativa-falcata complex
(Figure 2F). Using this comprehensive set of SVs, we further investigated the genetic relationships
among these 13 genomes. The PCA results demonstrated clear separation among different species
(Figure 2G). Interestingly, we detected divergence among the four alfalfa haplotypes across both
the ZM4_V2.0 and XJDY (Figure 2H). However, the specific patterns of this divergence varied
greatly at the individual chromosome level (Supplementary Fig. 15). Together, these findings
demonstrate that SVs are powerful markers for resolving the complex and variable evolutionary

histories of different sub-genomic regions in alfalfa.

The retention of core genes correlated with climate adaptation of alfalfa
Compared with the diploid ancestor subsp. caerulea, autotetraploid alfalfa has expanded into a
wider range of climate regions and occupied broader ecological niches (Figure 1C). These results

suggested that autopolyploidy plays a major role in the local adaptation of alfalfa. To confirm that



the allelic copy number variation originated from WGD without divergence, we carefully
identified genes that displayed a 95.0% or higher protein sequence similarity across the four
haplotypes in ZM4_V2.0 as allelic copies (Figure 3A, see Methods). The results indicated that a
total of 109,715 (109,715/202,473, 54.2%) genes in ZM4_ V2.0 could be considered as non-
redundant genes (representing each gene only once despite allelic multiplicity). Among these,
49,344 (49,344/109,715, 45.0%) genes had one allelic copy, 23,095 (21.0%) had two allelic copies,
15,264 (13.9%) had three allelic copies, and 22,012 (20.1%) had four allelic copies
(Supplementary Table 4). One representative genomic region on Chrl was selected to illustrate
allelic copy number variation (Figure 3B). Comparing the relationship between gene conservation
and allelic copy number variance, we found that genes with four allelic copies constituted a
substantial portion of the core genes (proportion: 53.3%; number:11,735; chi-squared test p < 2.2e-
16), whereas genes with one allelic copy represented a substantial proportion of the dispensable
genes (proportion: 41.7%; number: 20,562; chi-squared test p < 2.2e-16). (Figure 3C,
Supplementary Table 5). It indicated that gene retention and loss following WGD were
nonrandom. Analysis of selective pressure indicated that the log(Ka/Ks) value gradually decreased
as the allelic copy number increased. Core genes with four allelic copies exhibited the lowest
median Ka/Ks value (Figure 3D). The core genes that retained all four allelic copies in alfalfa
represent a set of evolutionarily conserved duplicates within the Medicago genus; we therefore
term them 'tetra-copy core genes'. In contrast, dispensable genes present as a one allelic copy in
alfalfa exhibited a high median Ka/Ks ratio, suggesting they are undergoing rapid adaptive
evolution, possibly as a mechanism for adaptation to new environmental pressures; we therefore
assigned them the name 'unique-essential genes'. We developed a genome-wide gene classification
framework by partitioning all 202,473 genes in ZM4_V2.0 into six groups based on gene
conservation and allelic copy number variation. These groups include unique-essential genes
(proportion: 10.2%; number: 20,562), one-copy genes (excluding unique-essential, 14.2%,
28,782), two-copy genes (18.4%, 37,344), three-copy genes (17.9%, 36,330), four-copy genes
(excluding tetra-copy core genes, 17.7%, 35,873), and tetra-copy core genes (21.5%, 43,582)
(Figure 3E, Supplementary Table 6). These six partitions were established as reference gene
groups for various downstream analyses. For instance, they provide a genomic baseline proportion
for assessing the enrichment of gene sets such as differentially expressed genes (DEGSs) and

candidates from genome scans for climate adaptation.



To examine the preferential retention and loss of genes related to adaptation following
autopolyploidy, we further analyzed the contribution of each type of genes to local climate
adaptation. At first, we examined the proportion of climate adaptation related genes within each
of these six groups. The climate adaptation-associated genes were calculated by latent factor mixed
model (LFMM) and population branch statistic (PBS) analysis®. A total of 2,429 genes were
identified to be associated with climate adaptation. These genes were not evenly distributed among
the six gene groups; instead, they were significantly enriched in the tetra-copy core genes. This
single group accounted for 836 (34.4%) of the adaptation-associated genes, representing a 1.60-
fold enrichment over the genomic baseline proportion of 21.5% (chi-squared test, p < 2.2e-16;
Figures 3E and 4A). Our finding suggested that tetra-copy core genes play a significant role in
climate adaptation.

To investigate the role of tetra-copy core genes in environmental adaptation, we analyzed RNA-
seq datasets related to biotic/abiotic stress from 23 publications/research groups (covering 124
distinct expression conditions) (Supplementary Data 1 and 2). Our analysis focused on identifying
both DEGs and genes ranked within the top percentiles of expression in each condition. Although
the total number of DEGs varied significantly across treatments (mean = 689), the proportional
contribution of six gene groups to the DEG sets remained remarkably consistent. The group of
tetra-copy core genes was significantly overrepresented among the DEGs. The median
proportion of these genes was 34.6%, a 1.61-fold enrichment over the genomic baseline proportion
of 21.5% (one-sample Wilcoxon test, p = 1.93e-4; Figure 4B). Furthermore, unique-essential genes
and one-copy genes had the highest fold change of DEGs (Supplementary Fig. 16). These results
suggest that tetra-copy core genes contribute significantly to stress tolerance, while unique-

essential genes are very susceptible to stress.

The level of gene expression is a key determinant of adaptive responses to environmental stress®®.
After analyzing six gene groups, we observed that genes with more allelic copies tended to have
higher expression levels, and similar expression patterns were observed in autotetraploid potato®®.
Additionally, we found that the tetra-copy core genes had the highest median expression level

(Figure 4C). Analysis of the four allelic copies within each non-redundant gene revealed a



characteristic stepwise gradient, in which one allele consistently exhibited significantly higher
expression than the other three (Figure 4D). This suggests that the high expression of a specific
allele within the non-redundant gene plays an important role in maintaining the high dosage of
gene products. In addition, we examined the proportion of each gene group among the top
expressed genes (from top 50% to top 1%) under normal (pre-treatment), biotic, and abiotic stress
conditions (Figure 4E). Across all conditions, we found that gene groups with four allelic copy
numbers were disproportionately represented among top expressed genes. Specifically, the tetra-
copy core genes were the most prominent, accounting for an average of 38.6% among top
expressed genes across the various expression cutoffs (from top 50% to 1%). This represents a
significant 1.80-fold enrichment over their 21.5% genomic baseline proportion. The four-copy
genes were also consistently overrepresented (contributing an average of 21.1%), while the
remaining four gene groups were underrepresented. Interestingly, the proportion of genes
classified as unique-essential genes, one-copy genes, and two-copy genes increased among the top
1% of expressed genes, indicating their prominent role in the transcriptional regulation network.
In summary, the tetra-copy core genes were consistently the most abundant and enriched group
among top expressed genes, suggesting that these highly conserved genes play a key role in basic

biological functions and stress adaptation.

To identify genes consistently expressed under various conditions, we counted the occurrences of
highly expressed genes. We analyzed a total of 124 different conditions, including variations in
accessions, treatments, and tissue types. For each condition, we defined highly expressed genes
(HEGsS) as the top 10% of expressed genes, with the number of HEGs ranging from 2,106 to 6,225
per condition (Supplementary Data 2). From this dynamic set, we identified a core group of 203
genes that were consistently highly expressed across more than 90% of conditions (Supplementary
Fig. 17, Supplementary Data 3). Gene Ontology (GO) analysis revealed that these 203 genes were
enriched in responses to water deprivation, cellular response to hypoxia, and reproductive
processes. Among the 203 genes, we identified 81 that belong to the tetra-copy core genes
(Supplementary Data 3). While a general pattern of unbalanced number of expressed genes was
observed among the four haplotypes in both leaf and root tissues (with Hap4 highest and Hapl
lowest), our targeted analysis of this specific 81-gene subset revealed no significant differences in

their expression level among the haplotypes (Supplementary Fig. 18A and B, Supplementary Table



7). Most non-redundant genes were expressed in only one haplotype, and none were
simultaneously expressed in all four haplotypes (Supplementary Fig. 18C). This suggests that
although all four allelic copies are conserved during evolution, their homology-dependent gene
silencing mechanisms or genetic regulation prevent their simultaneous expression under stressful

conditions’-33:57:58,

Genetic burden of tetra-copy core genes and the long-term evolutionary fate of alfalfa

Our results showed that tetra-copy core genes are important for climate adaptation. However, the
genetic burden of these conserved genes may accumulate over evolutionary timescales®. We
calculated genomic sequence constraints using GERP score®. The results showed that ~1.5%
(45.95 MD) of the alfalfa genome was predicted as evolutionarily constrained sites (GERP score >
3) (Figure 5A). We further calculated the number of deleterious variants for each of the six gene
groups (Supplementary Data 4). There are 6.41Mb (13.9%) deleterious variants located within the
gene region (promoter + transcribed region). We found that the average number of deleterious
variants increased with the rise in allelic copy number. The mean variants number is 65.25 for
unique-essential genes, 53.21 for one-copy gene, 63.50 for two-copy genes, 97.64 for three-copy
genes, 142.12 for four-copy genes and 198.89 for tetra-copy core genes. A significant proportion
of the variants (63.6%) within the genes are derived from coding sequence (CDS) regions.

Moreover, this pattern was consistent across genes with varying allelic copy numbers (Figure 5B).

Interestingly, the pattern of deleterious variants in unique-essential genes differed from that in
other gene groups. Unlike other gene groups where CDS regions harbor the most deleterious
variants, in unique-essential genes, the highest accumulation of deleterious variants was found in
the 3’ untranslated region (3’UTR). Tetra-copy core genes exhibited the highest number of
deleterious variants among the six gene groups, with 80.1% of these variants located in the CDS
regions. This result indicates that for every 1 kb genomic region, an average of 164 deleterious
variants are located within CDS, indicating a high deleterious burden in tetra-copy core genes. We
observed a consistent spatial distribution of tetra-copy core genes across the four haplotypes, with
a significant enrichment clustering near the chromosomal ends (Supplementary Fig. 19),

suggesting that deleterious variants are difficult to eliminate through recombination and selection.



To compare the genetic burden among haplotypes, we quantified the number of deleterious
variants within each allelic copy of the non-redundant genes. Our analysis of the entire genome
revealed an average of 65.24 deleterious variants per gene. Using this value as a threshold, we then
classified genes exceeding this average as deleterious genes. Our analysis revealed that 20,203
(46.4%) of the tetra-copy core genes (14,776 non-redundant genes) were identified as deleterious
genes. Among them, there are 5,082 in hapl, 5,045 in hap2, 4,999 in hap3, and 5,077 in hap4.
Furthermore, we assessed the distribution of deleterious alleles within each of the 14,776 non-
redundant genes. Our analysis revealed that 5,070 (34.3%) of these non-redundant genes carried
deleterious alleles on all four of their haplotypes (16,414 genes, Supplementary Data 5). In
contrast, 4.9%, 5.2%, and 9.5% of the non-redundant genes carried deleterious alleles on only one,
two, or three haplotypes, respectively (Figure 5C). Non-redundant genes carrying four deleterious
allelic copies (5,070) were enriched in stress response, reproductive development, and protein
ubiquitination (Figure 5D). It indicates that many key functional genes, including those
environmental response genes, have accumulated a high genetic burden across all haplotypes.
Specifically, our population-level analysis revealed that autotetraploid alfalfa has accumulated
~1.5-fold more deleterious variants than its diploid ancestor, subsp. caerulea (Figure 5E). This
pattern was most pronounced in the tetra-copy core genes; while this group already had the highest
genetic burden in the diploid ancestor, the burden was even greater in the autotetraploid alfalfa
subspecies (Figure 5F). This finding suggests that WGD masked deleterious variants and increased
the genetic burden, especially in tetra-copy core genes®.

Overexpressed tetra-copy core gene increased adaptability in alfalfa

We selected the glycine decarboxylase gene (MsGDC) to validate the function of tetra-copy core
genes, which is one of the 5,070 non-redundant genes where each of its four allelic copies carries
a higher-than-average burden of deleterious variants. The MsGDC gene participates in
photorespiration and plays a role in the utilization of CO2 and NH3®. We aim to determine whether
the ability to utilize CO. or NH3z can be enhanced and lead to phenotypic changes in overexpressed
alfalfa. The comparative genomic results revealed that MsGDC is present in seven Medicago taxa,
with four allelic copies found in the ZM4 V2.0 alfalfa genome (Figure 6A). The transcriptome
results indicated that only one allelic copy of MsGDC was highly expressed, consistently across

different accessions or lines (Figure 6B). Unexpectedly, only the highly expressed MsGDC (gene



Msal25466 in ZM4 V2.0) showed a substantial increase in response to elevated CO:
concentration®!. The other three allelic copies exhibited only slight changes in response to shifts
in CO2 or NHz levels. This specific case, combined with our broader expression analyses (Figure
4D), suggests one allelic copy maintains the major roles in fundamental biological functions and

stress tolerance, while the other three allelic copies may have acquired roles in genetic regulation?®.

Since the tetra-copy core genes exhibited the highest expression levels among all gene groups
(Figure 4C) and one specific allele of MsGDC showed biased high expression (Figure 6B), we
generated transgenic alfalfa with overexpressed MsGDC (Figure 6D, Supplementary Table 8). The
results showed that the transgenic GS (the acronym for the gene GDC and the promoters ST-LS1)
lines exhibited a significant increase in biomass (Supplementary Fig. 20). This indicates that
enhancing the expression of even a single tetra-copy core gene can significantly increase alfalfa
biomass, suggesting that employing these genes to improve alfalfa yield has substantial potential.
The differences in promoters (G lines: 35S or GS lines: ST-LS1) significantly affected plant
biomass. The GS lines exhibited greater weight and height compared to the wide-type (WT) and
G lines (Supplementary Fig. 20), and we also observed significant differences in gene expression
levels between the promoter lines (Supplementary Fig. 21). This highlights the critical importance
of promoter selection for realizing the biomass-boosting potential of this gene, as demonstrated by

the superior performance of the ST-LS1 promoter®?,

To further assess stress tolerance, we examined the MsGDC-overexpressing M. truncatula lines.
Under normal nutrient conditions, these lines exhibited a phenotypic pattern similar to that of
transgenic alfalfa, with the GS lines showing higher biomass than the WT (Figure 6E). In contrast,
when subjected to nitrogen-free treatment, the GS lines maintained good survival rates, whereas
the WT plants showed poor growth and survival (Figure 6F). Moreover, there was a significant
difference in chlorophyll content between the GS lines and WT plants (Supplementary Fig. 22).
These results suggest that MsGDC can enhance tolerance to nitrogen stress and improve nitrogen
use efficiency in M. truncatula. Finally, we calculated the genetic burden of MsGDC. We found
that most deleterious variants were present in the CDS regions at a remarkably high density. This
observation was consistent for each of the four allelic copies, demonstrating that MsGDC carries

a high genetic burden (Figure 6C). To summarize, MsSGDC has the potential to enhance alfalfa's



biomass and improve the nitrogen stress tolerance of M. truncatula. It could be utilized to boost
the yield and develop climate-resilient alfalfa varieties. However, the high genetic burden should

be carefully managed in alfalfa breeding programs.

Discussion

Overall, we de novo assembled high-quality genomes for both diploid subsp. caerulea and
autotetraploid alfalfa, and constructed a super-pangenome of Medicago. Based on the super-
pangenome and haplotype-resolved alfalfa genome, we discovered that the retention of core genes
following WGD was nonrandom. Our results highlight that tetra-copy core genes are significant
contributors to the adaptive potential of autopolyploids. However, the high deleterious burden
observed in these tetra-copy core genes can jeopardize long-term adaptive advantage. Our findings
offer substantial evidence linking evolutionary ‘dead ends’ with short-term adaptive potential,
thereby enriching our understanding of the evolutionary processes in autotetraploids (Figure 7).
Additionally, using alfalfa as a model organism, our findings provide a roadmap for improving
autopolyploid crops by focusing on both the dosage of core genes and the expression of their most

effective alleles.

The genomic basis underlying the adaptive potential of polyploidy has fascinated scientists over
the past century. Previous studies have demonstrated that WGD can create gene redundancy, which
can be harnessed to evolve new functions or subfunctions, thereby contributing to evolutionary
innovation and environmental adaptation®**. Diploid plant species like poplar and soybean often
rely on their flexible dispensable and private genes for local adaptation?®2*, Meanwhile, duplicated
genes may be retained for providing dosage benefits and enhancing regulatory networks. This
hypothesis is supported by evidence from the paleopolyploid Sonneratia, where the retention of
duplicated genes was selected in response to new environments?’. This mechanism is particularly
potent because even highly conserved core genes, typically viewed as functionally constrained,
can serve as a direct source of adaptive material. Their duplication can immediately bolster the
output of fundamental pathways such as signaling, transport, and metabolism, providing a rapid
route to enhanced fitness?®. Our results proved that tetra-copy core genes, rather than unique-
essential genes, play a major role in climate adaptation and stress tolerance. The tetra-copy core
genes, along with the retention, loss and enrichment of other climate-related genes, enhanced the



physiology, metabolism, and morphological resilience of alfalfa, thereby improving its
adaptability®. Prospectively, if the phased pangenome of the M. sativa-falcata complex is released
in the near future, we can further investigate how specific breeding processes (such as crossing
and inbreeding) induce variants in tetra-copy core genes, ultimately yielding valuable insights into

line-specific adaptability®.

The four allelic copies of non-redundant genes typically exhibited a quantitatively graded
expression pattern, in which one allele consistently showed significantly higher expression than
the other three (Figure 4D). Similarly, in potatoes, duplicated genes also showed preferential allele
expression®, This suggested that the most significant impact of WGD might be the emergence of
new regulatory patterns for genes, rather than functional diversification or dosage effects.
Specifically, WGD might lead to a rebalancing of duplicated gene dosage during transcription®4.
Previous research showed that functionally redundant paralogs exhibit higher genetic interactions
than diverged paralogs®’. The structural or functional entanglement of redundant paralogs may
restrict gene expression. At the same time, the duplication of allelic genes could create novel allelic
combinations and alter gene expression patterns. The unexpressed genes could achieve balance by
regulating the dosage of expressed genes'®!4. Alternatively, the retention of all duplicated copies
may be important for creating an integrated regulatory network. Within this network, one specific
allele is maintained at a high expression level to perform the primary biological function, while
the other three allelic copies act primarily in a regulatory capacity to ensure its stable and robust
expression. Therefore, we propose that the strategy of preferential allelic expression of tetra-copy

core genes represents one specific regulatory pattern in autopolyploids*?.

WGD leads to massive gene duplication and genome-wide genetic redundancy. While this
redundancy can provide evolutionary novelty, it also allows most duplicated genes to accumulate
deleterious variants. This challenge is particularly acute in autopolyploids, where purifying
selection is less efficient, leading to the progressive accumulation of deleterious variants'’®. Our
findings in alfalfa are consistent with this phenomenon. We found that within its relatively recent
WGD (~2 Mya), 5,070 non-redundant genes (16,414/202,473, 8.1% of the overall gene set) have
accumulated a high load of deleterious variants, which are difficult to purge via selection

(Supplementary Figure 19). The functional significance of this genetic load is profound; the



continued accumulation of deleterious variants can lead to gene function loss and abnormalities in
meiotic segregation, ultimately threatening survival®®. Indeed, we attempted to knock out the
MsGDC gene, but this resulted in seedling lethality prior to transfer from the culture medium,
confirming its essentiality. Taken together, this widespread accumulation of deleterious variants
in thousands of tetra-copy core genes likely constrains the long-term adaptive advantages of
alfalfa, lending strong support to the long-standing ‘evolutionary dead-end’ hypothesis for

polyploids*1°,

The accumulation of deleterious variants can also promote short-term adaptation in polyploids by
providing a rich pool of genetic variation for selection to act upon®. For example, two convergent
de novo mutations affect the function of the TPC1 gene and are correlated with adaptation to
serpentine soils®. A transposable element insertion disrupted the expression of the FLC gene,
resulting in adaptive early flowering®’. Furthermore, the insertion of new genetic variants can
enhance the adaptability of autopolyploid species, as exemplified by the positive selection of
transposable element insertions in key genes during the local adaptation of autotetraploid A.
thaliana®’. Additionally, ploidy-specific structural variations have increased the adaptive potential
in autopolyploid Cochlearia®. Our findings in alfalfa clearly illustrate this evolutionary paradox.
We found that while a significant fraction (34.3%) of tetra-copy core genes carry a high deleterious
burden, they remain functionally important for alfalfa's adaptation. This highlights how polyploids
can tolerate a high genetic load in the short term, potentially co-opting the underlying variation for

immediate adaptive benefit.

The deleterious variants among tetra-copy core genes could negatively impact plant performance
during the breeding process, as recombination might reveal recessive deleterious variants that
threaten gene function or plant survival. This hypothesis was validated by the observation of
significant inbreeding depression in alfalfa during self-pollination®%. A creative strategy involves
initially breeding diploid alfalfa with minimal deleterious variants by design, followed by inducing
genome doubling to create tetraploid alfalfa. A similar breeding strategy has been explored in self-
incompatible diploid potato. By carefully managing deleterious variants, it is possible to produce
inbred lines and design ideal potato haplotypes’®. In addition, beneficial variants for agronomic

traits in crops like grapevine, potato, and tomato can be identified and utilized through GWAS and



genomic selection’>". Finally, tetraploid alfalfa can be developed through artificial polyploidy,
similar to how tetraploid tomato was achieved using unreduced diploid gametes’®. These studies

provide effective methods to manage deleterious variants and design ideal alfalfa cultivars.

Methods

Genome sequencing and assembly

Genomic DNA was extracted from young leaves of the previously described Zhongmu-4 alfalfa
plant**, DNA libraries were constructed using standard protocols for PacBio and Nanopore
sequencing. Four PacBio Sequel Il HiFi libraries were prepared to generate consensus reads.
Additionally, a 100 kb Oxford Nanopore Technologies (ONT) library was created to obtain ultra-
long reads. The Hi-C data were obtained from our previous sequencing of Zhongmu-4*4. Full-
length transcriptomic sequences were generated using mixed samples from leaves, buds, and

flowers.

The haplotype-resolved assembly of Zhongmu-4 was generated in three steps. First, HiFi and ONT
reads were used to produce primary contigs using Hifiasm (v0.18.5-r499)*. Hi-C reads were
aligned to the primary contigs using the Juicer (v2.0) pipeline’’. The resulting contact maps were
then used with the 3D-DNA (v.201008) pipeline for an initial round of automated scaffolding’®.
This draft assembly was loaded into Juicebox (v1.11.08) for manual inspection and correction of
large-scale scaffolding errors. To finalize the assembly, the manually curated scaffold list was then
used as input to re-run the 3D-DNA pipeline, which generated the haplotype-resolved pseudo-
chromosomes (ZM4_V1.5). Second, the genomic continuity and completeness were further
improved based on previous version of Zhongmu-4 genome (ZM4_V1.0)*. We mapped all HiFi
reads to the ZM4_V1.5 genome, and kept reads with a mapping quality score (MAPQ) of more
than 55. Reads that had a mapping quality score below 55 were subsequently remapped to the
ZM4 V1.0 genome. Based on the collinearity between ZM4_V1.0 and ZM4 V1.5, the remapped
reads were assigned to the corresponding chromosome of ZM4_V1.5 genome. A total of 89.5% of
HiFi reads were assigned to 32 pseudo-chromosomes. Third, Hifiasm (v0.19.7-r598) was used to
regenerate haplotype-resolved contigs by utilizing HiFi and ONT reads, referencing the strategy
of genome assembly of potato C88%°. The parameters used were '-D 10 -5
mapped_high_quality_MQ55_hifi_reads.txt --n-hap 4 --hom-cov 120



(https://github.com/baozg/Potato_C88). As a result, we generated four groups of phased

haplotype-resolved contigs (Supplementary Fig. 1). For each group, the contig reads were oriented
and ordered to the chromosome-level genome based on the hapl of ZM4 V1.5 using RagTag
(v2.1.0) with default parameters’®®. The resulting chromosome-level genome was named
ZM4 V2.0 and used for subsequent analysis. The genome completeness and base quality were
evaluated using Merqury (v1.3)*. Phasing accuracy was evaluated by calculating switch and
Hamming error rates using hapl as the reference with a custom Python script, which compared a
FreeBayes (v1.3.8)%! derived variant set against a ground truth variant set established by
MUMmer4 (v4.0.1)%,

For subsp. caerulea, young leaves from one accession (Pl 464714) were used for sequencing. The
sequencing libraries for PacBio CLR and Hi-C were constructed according to the manufacturer’s
protocols. In total, we generated 207.00 Gb PacBio CLR long reads, 52.75 Gb Illumina short reads,
and 204.28 Gb Hi-C data. The PacBio CLR reads were first assembled into contigs using Canu
(v1.8)® and polished with Illumina short reads using Pilon (v1.23)®. The contigs were then aligned
and anchored using Juicer (v1.5)’" based on Hi-C data and subsequently assembled into
chromosomes using 3D-DNA (v.180419)",

Annotation of genes and transposable elements

The gene annotation was performed using the GWAP pipeline (https://github.com/unavailable-

2374/Genome-Wide-Annotation-Pipeline)®. In summary, the ZM4 V2.0 putative genes were

identified using a combination of multiple data sources, including protein annotation information
from the ZM4_V1.0 genome, full-length transcriptomic sequences, Illumina short-read RNA data
from leaves, stems, and flowers, as well as protein sequences from M. truncatula
(Mt_A17(V5.0))*. A preliminary gene model was constructed for the putative genes, followed by
additional gene searches utilizing AUGUSTUS (v3.4.0)%. The identified putative gene fragments
were then filtered through the following steps: removal of genes with duplicated regions, removal
of genes with invalid CDS regions (where the end position is less than the start position), removal
of genes with protein sequences containing a point sign or lengths shorter than 55 amino acids,
and removal of genes not supported by any evidence. InterProScan (v5.56-89.0)%" was utilized for

the functional annotation of the retained genes. Furthermore, inconsistent annotation pipelines can
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introduce significant biases, leading to inflated estimates of dispensable gene families®®. To

address this issue, we re-annotated the remaining 12 genomes using a consistent pipeline.

Transposable elements analysis was conducted based on the pangenome of Medicago using our
established pipeline®. In brief, the Medicago repeat family database was initially constructed using
RepeatModeler2 (open-2.0.3)%° and subsequently identified with RepeatMasker (open-4.1.2)%.
TEs families were identified using RepeatModeler2. Single-copy and erroneous annotations of
TEs families were removed, and redundant sequences were further eliminated using NCBI-
BLAST+ (v2.9.0). Unclassified repeat elements were identified with DeepTE®L. Finally, the

repetitive sequences were annotated using RepeatMasker.

Super-pangenome construction and gene family analysis

The Medicago graph pangenome was constructed using PGGB (v0.5.4)%? with the ZM4_V2.0 hap1
genome serving as the reference. All 13 genomes, encompassing 19 haplotypes, were included in
the construction of the graph pangenome. Single chromosomes of 19 haplotypes were merged in
one input fa file. The parameter of PGGB was set as follows: “-s 5000 -1 25000 -p 90 -¢ 1 -K 19 -
F 0.001-g30-k23-f0-B10M -n19 -0 -e 0 -G 700,900,1100 -P 1,19,39,3,81,1 -O 0.001 -d
100”. The VVCF file was generated based on the gfa file of PGGB using vg with default parameter
(v1.58.0)%. Structural variations were identified based on the VCF file results, which only include
reference or alternate sequences exceeding 50bp in length. In order to achieve uniform
comparisons among the 13 genomes, PCA analysis was conducted using SVs with no more than
two alternate variants, and all alternate variants beyond the second were set to NA. The accession-
specific SV was identified using SyRI (v1.5.4)%2, SVIM-ASM (v1.0.3)%, and CuteSV (v2.1.2)%,
with the hapl of ZM4 V2.0 as the reference, and was subsequently merged with Sniffles
(v2.0.7)%,

OrthoFinder (v2.5.4)°! was utilized to identify orthologous gene families across 13 Medicago
genomes using default parameters. GENESPACE (v1.2.3)% was employed to perform synteny
analysis among these genomes. Collinear figures were generated using MCscan®’ and R (v4.3.2).
Phylogenetic trees were constructed based on single-copy orthologs identified by OrthoFinder

from seven genomes: M. truncatula (A17_5.0), M. ruthenica (Mru_zhiwusuo), M. polymorpha,



M. lupulina, M. arabica, subsp. caerulea (Mca_long), and ZM4_V2.0 (hapl). The tree inference
was performed with raxml-ng (v1.1)%. The divergence time between different species was
estimated using PAML (v4.9)% with default parameters. The calibration points were set at two
specific points: the divergence time between the M. sativa-falcata complex and M. truncatula was
6~9 Mya, while the divergence time between the genus Medicago and Trifolium pratense was
estimated to be between 13~24 Mya. The final phylogenetic tree was visualized and annotated in
FigTree (v1.4.4) (https://tree.bio.ed.ac.uk/software/figtree/).

Gene conservation and expression analysis

To identify allelic copy number variation within haplotype-resolved ZM4 V2.0 genome, we
performed an all-to-all BLASTP (v2.2.31)'% analysis using the protein sequences from all four
haplotypes. The allelic copy number of a given gene was then defined as the total number of its
homologous alleles (including itself) found across the four haplotypes. The filtering parameters
were set as follows: “e-value < 1e-10, pident > 95%, (1 - mismatch/length) > 95%, and Chr_query
= Chr_match”. For each gene, the top-matching sequence with the highest percentage identity was
identified as its corresponding allelic copy. These identified pairs were then treated as a single
non-redundant gene for all subsequent analyses. To focus on allelic variation across haplotypes,
we treated tandemly duplicated genes on the same haplotype as individual entities. This approach
allows members of a tandem array to sort into different non-redundant gene groups, with the result
that the allelic copy number for any given group is a maximum of four. The allelic copy number
of a given gene was defined as one plus the number of other haplotypes on which a homologous
allele was identified (via all-to-all BLASTP analysis), resulting in allelic copy numbers ranging
from one (no homologs on other haplotypes) to four (homologs on all three other haplotypes).
Additionally, we distinguished paralogs from allelic copies by strictly defining the latter as the
gene with the highest protein similarity across haplotypes. Furthermore, this protein-based
definition differs from identifying genes via presence/absence variation (PAV), which is often
linked to structural variation (SV). The key distinction is that PAV is more suited to identifying
newly arisen/loss genes, whereas our method offers insights into the detailed evolution of

established non-redundant genes.
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We determined the conservation status of each orthologous gene family (orthogroup) identified by
OrthoFinder. Using the Statistics_Overall.tsv file, families were categorized as core (present in all
genomes), softcore (present in 11-12), dispensable (present in 2-10), or private (present in only
one). Subsequently, this family-level conservation status was assigned to every individual gene
within its respective orthogroup by parsing the Orthogroups.tsv file. The relationship between gene
conservation status (i.e., core vs. dispensable) and allelic copy number was analyzed using the R
package dplyr. Based on this analysis, core genes with four allelic copies were defined as ‘tetra-
copy core genes’, while one allelic copy dispensable genes were classified as ‘unique-essential
genes’. The remaining genes were categorized based on their respective allelic copy numbers. For

detailed steps, please refer to the code on GitHub (https://github.com/futurefanzhang/genomic-

adaptation-of-autotetraploid-alfalfa/tree/main/step3).

The climate adaptation-associated genes were analyzed based on the VCF file generated in our
previous study®®  (https://ngdc.cncb.ac.cn/gvm/getProjectDetail?Project=GVM000965). The

reference transfer was conducted using the following steps: First, the genome sequences of haploid
ZM4 were mapped to the ZM4_V2.0 hap1 genome using minimap2 (v2.21-r1071)!%, Next, chain
files were created using the minimap2chain function of transanno software (v0.4.5)

(https://github.com/informationsea/transanno). Finally, the VCF file was generated with

ZM4 V2.0 hapl as the reference through the liftvcf function of transanno. The analyzed sample
consisted of 240 accessions exhibiting a clear geographic clustering. The LFMM and PBS analyses
were conducted using the same pipeline as that reported in our previous study®. In brief, we
performed a genotype-environment association analysis using the univariate LFMM in the R
package LEA (v.3.11.4)!%2, The environmental data for 19 bioclimatic variables (resolution 2.5
arcmin) were downloaded from the WorldClim website®. Local adaptation regions and candidate
genes were detected by PBS analysis using PBScan'%, which involved grouping samples based on
their geographic origin. Additionally, population-related analyses between subsp. caerulea and

subsp. sativa were conducted using this VVCF file.

The potential distribution regions of alfalfa and subsp. caerulea were inferred using a random
forest model®*. Briefly, this model was trained with the geographic coordinate data of accessions

obtained from the USDA-GRIN database. To model the potential species distribution, we used a
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set of bioclimatic variables (B102, BIO8, BIO9, BIO15, BIO17, BIO18, and BIO19) obtained
from the WorldClim version 2.1 database at a spatial resolution of 2.5 arc-minutes!®. The final
distribution map was generated by plotting the prediction raster from the model in R (v4.3.2) using
the 'raster' and 'dismo’ packages!®>1®.

A total of 23 Bioproject RNA-seq datasets related to biotic/abiotic stress were used for gene
expression analysis in this study (22 Bioproject downloaded from NCBI, one generated from this
study). The materials, repeat information, treatments, experimental design, and publication details
are provided in Supplementary Data 1. For each of 23 datasets, the RNA-seq raw data were initially
mapped to the ZM4_V2.0 genome using Tophat2 (v2.1.1)!%". The resulting BAM files were sorted
using Samtools (v1.9)!%, and gene counts were calculated with HTSeg-count (v0.9.1)'%°. Gene
expression FPKM values were calculated using a custom Perl script. Differentially expressed
genes (DEGs) were identified using the DESeq2 R package (v1.42.0)*° with thresholds
of [log2(FoldChange)| > 1 and an adjusted P-value (FDR) < 0.05. A gene was considered
expressed if its FPKM value was greater than zero. For each study, DEGs were identified through
pairwise comparisons between samples. Subsequently, only the DEG sets from comparisons
yielding more than 100 genes were retained. These selected sets were then used for gene groups
enrichment analysis to mitigate potential statistical bias associated with small sample sizes. The
corresponding information for DEGs and gene groups was merged using the dplyr package in R
(v4.3.2). Gene Ontology analysis was performed wusing the DAVID website

(https://david.ncifcrf.gov/)** and visualized using the ggplot2 R package!*?. Statistical analyses

were performed to identify significant enrichments of gene groups. To test for associations
between gene groups (e.g., tetra-copy genes) and conservation categories (e.g., core genes), we
used a chi-squared test of independence based on 2x2 contingency tables. One row of the table
contained the counts for the gene list of interest, while the second row contained the corresponding
counts from the genomic baseline. For analyzing the proportion of specific gene groups within the
DEGs across the 23 datasets, a one-sample Wilcoxon signed-rank test was employed. This non-
parametric test was used to assess whether the median of the observed proportions was
significantly different from a specific genomic baseline proportion

(https://github.com/futurefanzhang/genomic-adaptation-of-autotetraploid-

alfalfa/tree/main/step5).
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Genetic burden analysis

The constrained sites in the ZM4 V2.0 genome were identified using the GERP++ software®®,
with the rejected substitutions value considered as the GERP score. Multiple whole-genome
sequence alignments were performed using LASTZ (v1.04.15)3. A total of 15 angiosperm

114 Arabidopsis thaliana®*®,

genomes were included in the alignment, specifically: grape®®, poplar
red clover!!®, soybean'!’, peal'®, chickpeal!®, Arachis duranensis!?’, M. truncatula (A17_5.0)%*,
M. ruthenica®, M. polymorpha®, M. lupulina®®, M. arabica®, subsp. caerulea (Mca_long), and
alfalfa (ZM4_V2.0). The alignment files were merged using multiz (v11.2) and converted to
FASTA format using maf2fasta (v3)!?L. A phylogenetic tree was constructed with single copy
genes using raxml-ng (v1.1)%, and branch lengths modified based on fourfold degenerate sites

using msa_view (v1.4) and phyloFit (v1.4) (http://compgen.cshl.edu/phast/phyloFit-tutorial.php).

Finally, GERP scores were calculated for each position using the gerpcol function of GERP++.
From this output, we first excluded all uninformative sites (those with a GERP score of zero). We
then defined deleterious variants as those occurring at sites with a GERP score > 3 (rejected
substitutions > 3). The  detailed steps can be found on  GitHub

(https://github.com/futurefanzhang/genomic-adaptation-of-autotetraploid-

alfalfa/blob/main/step4/gerp score.sh).

Validation of MsGDC in transgenic experiment

The plant materials for treatment were derived from a single plant of the alfalfa cultivar Zhongmu
No.1 (Zhongmul) and a single plant of M. truncatula (R108). The full-length CDS sequence of
the candidate gene MsGDC was cloned from the Zhongmul genome®. The stem-leaf-specific
expression promoter ST-LS1 sequence was amplified and cloned based on the sequence from
NCBI GenBank (accession No. X04753.1)'?2, The correctly sequenced vectors expressing
MsGDC, driven by the 35S and ST-LS1 promoters, were transformed into Agrobacterium
tumefaciens competent cells. Alfalfa leaves were transformed via Agrobacterium tumefaciens
infection, and the transgenic seedlings were screened on a solid medium containing glyphosate (4
mg-L!) through tissue culture. The expression level of MsGDC among its four allelic copies was

calculated using a publicly available RNA-seq dataset®:.


http://compgen.cshl.edu/phast/phyloFit-tutorial.php
https://github.com/futurefanzhang/genomic-adaptation-of-autotetraploid-alfalfa/blob/main/step4/gerp_score.sh
https://github.com/futurefanzhang/genomic-adaptation-of-autotetraploid-alfalfa/blob/main/step4/gerp_score.sh

Two-month-old Zhongmul plants overexpressing MsGDC were grown in an artificial climate
chamber (16 hours light at 24°C, 8 hours dark at 22°C, 60% humidity). We quantified leaf MsGDC
expression via real-time PCR (7300 Real Time PCR System, ABI) and measured several growth-
related phenotypes, including plant height, fresh weight, and dry weight. Three biological

replicates were conducted for each test, with one plant selected for each replicate.

One-month-old wild-type (WT) and transgenic M. truncatula seedlings overexpressing MsGDC
were selected and subjected to a nitrogen-free nutrient solution for an additional month. Plant
phenotypes were examined, and 0.1 g of leaves were collected for chlorophyll extraction. Leaves
from the N-free M. truncatula plants were immersed in 10 mL of 95% ethanol and kept in the dark
for 48 hours until they were completely discolored. Absorbance values at 665 nm and 649 nm were
measured using a NanoPhotometer instrument (Germany). Chlorophyll a, chlorophyll b, and total

chlorophyll contents were subsequently calculated*?,

Data availability

All raw sequence data were uploaded to the National Genomics Data Center (NGDC) under
BioProject PRICA031790 [https://ngdc.cncb.ac.cn/bioproject/browse/PRICA031790] and NCBI
Sequence Read Archive Bioproject PRINA1179654
[https://www.ncbi.nlm.nih.gov/bioproject/PRINA1179654]. The genome assembly and

annotation data have been deposited in the Figshare repository
[https://doi.org/10.6084/m9.figshare.30556160.v1]. Source data are provided with this paper.

Code availability

The codes used in this study are available on GitHub [https://github.com/futurefanzhang/genomic-

adaptation-of-autotetraploid-alfalfa]. Inquiries about the code and software usage can be directed

to Fan Zhang (zhangfan06@caas.cn or zfan887@gmail.com).
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Table 1. Statistics of the genome assembly and annotation of 13 Medicago genomes.

D Speci Assembly size Anchored Contig Number of genes BUSCO (%)
pecies N50 a b
(Mb) chromosome (Mb) (Mb) (update/raw) (update/raw)
ZM4_V2.0 subsp. sativa 3731.03 3128.69 5.45 202,473/- 99.50/-
Zhongmul subsp. sativa 816.30 794.30 3.92 52,405/47,780 73.3/71.4
XJDY subsp. sativa 3157.51 2738.00 0.46 170,352/158,894 99.4/97.3
Mca_long subsp. caerulea 801.63 777.90 1.61 50,491/- 96.4/-
Mca_landa subsp. caerulea 793.23 781.07 3.86 53,331/46,579 95.0/91.1
Mt_R108 M. truncatula 401.01 391.48 5.93 39,190 /38,449 99.1/97.3
Mt_A17(V5.0) M. truncatula 430.01 426.02 24.88 52,135 -/97.2
Mt_HMO078 M. truncatula 493.76 481.19 3141 39,527 /37,325 99.7/98.8
Mpoly M. polymorpha 457.53 425.14 11.02 40,070 /35,038 96.5/95.2
Mru_zhiwusuo M. ruthenica 904.13 825.32 0.63 56,497 /45,729 86.5/84.2
Mru_landa M. ruthenica 903.56 828.62 0.68 55,839 /45,530 90.1/89.8
Mara M. arabica 515.95 511.14 6.50 46,150/- 99.01/-
Mlup M. lupulina 575.85 570.12 2.90 47,963/- 98.33/-

4 The gene annotation was redone for the published genome, excluding contigs. Only the genes
present on chromosomes were used for comparison. M. truncatula Al7 (v5.0) served as the

reference database; therefore, it was not utilized for reannotation.

b The TEs content percentage was annotated based on the pangenome.



Figure legends

Figure 1. Super-pangenome and evolutionary genomics of Medicago species. A, Genomic
synteny map among the 13 genomes. Different colors represent various chromosomes, with
haplotype information for ZM4 V2.0 and XJDY labeled a unique notation ending in 1 to 4. The
species names and ploidy information are labeled adjacent to the corresponding genomes. B,
Phylogenetic relationships and divergence times among the seven Medicago taxa, inferred from
5,106 single-copy orthologous genes. Statistical support for the topology was assessed with 1000
bootstrap replicates. Divergence times were estimated on a fixed phylogeny using a Bayesian
MCMC method. The nodes and error bars represent the posterior mean divergence times and the
95% highest posterior density intervals. C, Potential distribution regions of the diploid subsp.
caerulea (dark blue) and the tetraploid subsp. sativa (light blue) predicted by a random forest
model. The map is based on bioclimatic data from WorldClim v2%, D, The comparison of genome
size between the representative genomes and the super-pangenome. E, Correlation between
genome size and transposable elements (TEs) content. The P value and R? value from the linear
regression analysis are indicated near the regression lines. The statistical relationship was assessed

using a two-sided Pearson's correlation test. Source data are provided as a Source Data file.

Figure 2. The super-pangenome landscape of 13 Medicago genomes. A, The bar chart shows
the number of gene families in each pangenome category. The pie chart illustrates the pangenome
composition. B, Growth curve of pan and core gene families. C, Present and absent information of
pan gene families across each genome. D, Pan-genomic features across ZM4 V2.0 hapl genome.
The circular plot displays, from outermost to innermost: the genome (a), density heatmaps for
private genes (b), core genes (c), TEs (d), and SVs (e), where darker colors correspond to higher
densities. E, Number of structural variations (SVs) across different genomes compared to
ZM4 V2.0 hapl. F, Frequency distribution of pangenome SVs across the 13 genomes. G, Principal
component analysis (PCA) of the 13 genomes based on pangenome SVs. H, The PCA results of

M. sativa-falcata complex. Source data are provided as a Source Data file.

Figure 3. The concept of allelic copy number variation and the classification of gene groups.
A, A model diagram for identifying allelic variations based on 95% similarity among the same

chromosome across four haplotypes. It should be noted that the genes with 1-3 allelic copies are



randomly distributed across 1-3 of the four haplotypes. The percentage numbers indicate the
content of each component in the total non-redundant genes. B, Local genomic collinearity among
the four haplotypes is depicted, with different colors indicating allelic copy number variation as
shown in Figure A. C, Histogram illustrates the allelic copy number variation among different pan-
genome categories. D, Selective pressure on genes varies by pan-genome categories and allelic
copy number. The sample size (n) for each boxplot is the number of genes within that category.
The sample sizes were as follows: Private genes (One copy, n=899; Two copies, n=1,246; Three
copies, n=1,141; Four copies, n=860), Dispensable genes (One copy, n=3,193; Two copies, n=
4,118; Three copies, n= 4,066; Four copies, n=4,120), Softcore genes (One copy, n=1,479; Two
copies, n= 2,243; Three copies, n=3,790; Four copies, n= 11,844) and Core genes (One copy, n=
1,648; Two copies, n= 2,720; Three copies, n= 5,535; Four copies, n= 24,854). Center line
represents the median; box limits indicate the lower and upper quartiles; whiskers represent 1.5
times of the interquartile range; and points beyond this range are outliers. E, Classification of all
genes in the genome into six distinct groups, providing both the categorical framework and the
genomic baseline proportions for all downstream analyses. Source data are provided as a Source
Data file.

Figure 4. The significant contribution of tetra-copy core genes to climate adaptation. A,
Histogram illustrates the number of climate-associated genes identified in the LFMM and PBS
analysis for each gene group. The red line indicates the enrichment fold. B, Composition of gene
groups within each set of differentially expressed genes (DEGS), with each set corresponding to a
specific dataset from various stress experiments. The sample size (n) represents the number of
independent datasets included in the analysis. The colors for the gene groups are consistent with
those in Figure A. C, The gene expression levels of six gene groups. The sample size (n) was as
follows: Abiotic stress (Unique-essential, n=11,233; One-copy, n= 16,029; Two-copy, h=17,221;
Three-copy, n=20,303; Four-copy, n=24,190; Tetra-copy core, n= 35,096), Biotic stress (Unique-
essential, n=5,794; One-copy, n=8,512; Two-copy, n=9,650; Three-copy, n=13,419; Four-copy,
n=17,135; Tetra-copy core, n= 27,154), and Normal (Unique-essential, n=10,458; One-copy, n=
14,994; Two-copy, n=16,067; Three-copy, n=19,512; Four-copy, n= 23,368; Tetra-copy core, n=
34,412). Center line represents the median; box limits indicate the lower and upper quartiles;

whiskers represent 1.5 times of the interquartile range; and points beyond this range are outliers.



D, The expression levels of the four allelic copies within each non-redundant gene are arranged in
descending order. Data are presented as mean values + standard deviation (SD), calculated across
16,424 non-redundant tetra-copy core genes. Statistical significance was determined using two-
sided pairwise t-tests with Bonferroni's correction for multiple comparisons. E, Percentage of
different gene groups within top expressed genes across 124 different expression conditions. Data
are presented as mean + SD, calculated across multiple conditions. The sample size (n) was as
follows: Abiotic stress (n=63), Biotic stress (n=8), and Normal (n=53). Source data are provided
as a Source Data file.

Figure 5. The predominant accumulation of genetic burden in tetra-copy core genes. A,
Density distribution of GERP score. Loci with a GERP score >3 were considered deleterious
variants (the threshold of the blue dashed line). B, Number of deleterious variants within 1kb
regions across different gene groups. Different colors represent various elements of the gene. C,
Proportion of non-redundant genes categorized by the number of deleterious allelic copies. D,
Gene ontology enrichment results of non-redundant genes carrying four deleterious allelic copies.
E, Number of deleterious variants in each accession among subsp. caerulea and subsp. sativa. The
sample size (n) represents the number of accessions. Center line represents the median; box limits
indicate the lower and upper quartiles; whiskers represent 1.5 times of the interquartile range; and
points beyond this range are outliers. F, Mean number of deleterious variants per gene within each
gene group. Both results in E and F were derived from population data using ZM4_V2.0 hapl as
a reference. Deleterious variants were defined as those with a GERP score > 3 and a SIFT4G score

< 0.05. Source data are provided as a Source Data file.

Figure 6. The adaptability and genetic burden of the tetra-copy core gene MsGDC. A, Local
genomic collinearity among seven taxa. Regions highlighted in pink indicate the presence of the
MsGDC gene. B, Expression patterns of four allelic copies of MsGDC under varying nitrogen and
CO:z levels. High_N and Low_N indicate high and low nitrogen levels. Am_CO2 and Ele_CO2
correspond to ambient (420 ppm) and elevated (600 ppm) CO- levels. Agate and Saranac are two
alfalfa varieties, each of which comprises both effective and ineffective nitrogen-fixing lines
(RNA-seq data from Brooks et al.?!). C, Deleterious variants identified in the four allelic copies
of MsGDC. Yellow, blue, and pink colors represent the 3> UTR, CDS, and 5> UTR regions,



respectively. Each red line indicates a 30 bp region containing one or more deleterious variants.
Corresponding gene names are indicated in parentheses. D, Transgenic validation of MsGDC in
alfalfa. Scale bars are 2 cm (upper) and 1 cm (lower). E, F, Phenotype of MsGDC-overexpressing
transgenic M. truncatula before (E) and after (F) nitrogen-free treatment. Scale bars, 2 cm. For
panels D-F, WT represents wild type. G lines (MsG in alfalfa, MtG in M. truncatula) are transgenic
lines using the 35S promoter. GS lines (MsGS in alfalfa, MtGS in M. truncatula) use the ST-LS1
promoter. Source data are provided as a Source Data file.

Figure 7. Model of evolutionary consequences of autopolyploidy: impacts on adaptive
advantages and long-term evolutionary fate. Schematic of a pangenome comparing four
distinct species (A-D). Gene categories (core, softcore, etc.) are color-coded, and deleterious
variants are marked by red bars. Following WGD, a subset of core genes were retained in four
allelic copies (tetra-copy core genes, highlighted by a yellow background and enclosed in a red
dashed box), and these genes are shown to be significant contributors to climate adaptation. For
each gene set, one allelic copy is primarily responsible for climate adaptation roles. The other
three allelic copies are hypothesized to modulate the expression of the functional copy. However,
these adaptive advantages may come at a long-term cost. The process of adaptation can lead to
the accumulation of deleterious variants, a phenomenon known as genetic burden. Over time, an
excessive accumulation of this burden within the tetra-copy core genes could ultimately
compromise the fitness of autopolyploids, potentially leading them to an evolutionary 'dead end'.
Schematic elements representing environmental stress were created in BioRender. Wang, X.
(2025) https://BioRender.com/66Inuem.



https://biorender.com/66lnuem

Editor’s Summary

The genetic mechanisms of why polyploid plants exhibit adaptive advantages over diploids are unclear.
Here, the authors assemble the autotetraploid alfalfa genome, incorporate it into a pangenome analysis,
and reveal the trade-off between adaptive advantages and evolutionary constraints mediated by tetra-copy
core genes.

Peer review information: Nature Communications thanks Yong Zhou and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. A peer review file is available.
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